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Being motivated by recent achievements in the rapidly developing fields of optical bound states in the
continuum (BICs) and excitons in monolayers of transition metal dichalcogenides, we analyze strong coupling
between BICs in Ta2O5 periodic photonic structures and excitons in WSe2 monolayers. We demonstrate that the
giant radiative lifetime of a BIC allows us to engineer the exciton-polariton lifetime, enhancing it by two orders
of magnitude compared to a bare exciton. We show that the maximal lifetime of a hybrid light-matter state can be
achieved at any point of k space by shaping the geometry of the photonic structure. Our findings open a different
route for the realization of moving exciton-polariton condensates with a nonresonant pump and without Bragg
mirrors, which is of paramount importance for polaritonic devices.
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I. INTRODUCTION
Monolayers of transition metal dichalcogenides (TMDCs)
are a certain class of postgraphene two-dimensional mate-
rials [1], attracting vast research interest in recent years.
TMDCs are direct-gap semiconductors, exhibiting strong
light-matter coupling [2]. Moreover, these structures support
excitons characterized by both large binding energies and
sufficiently large Bohr radii [3], giving a rise to the exis-
tence of a strong excitonic response at room temperature
and providing strong optical nonlinearity due to the exciton-
exciton interactions [4]. Another important property of the
TMDC excitons is the large oscillator strength leading to
the substantial exciton-photon interaction in these structures.
These properties allow for the observation of the so-called
strong coupling regime, leading to the emergence of exciton
polaritons [5] at room temperatures in structures comprising a
TMDC monolayer and an optical cavity.
Exciton polaritons have been extensively studied in the
last two decades both due to their fascinating fundamental
properties, such as high-temperature Bose condensation and
superfluidity [6,7], and because of emerging applications such
as virtually thresholdless polariton lasers [8] and energy ef-
fective all-optical logic gates [9]. Strong coupling of TMDC
excitons with light was observed in structures resembling
conventional microcavities, where the monolayer was sand-
wiched between two Bragg mirrors [10–13]. At the same time,
since the fabrication of high-quality TMDC monolayers is
based on mechanical exfoliation techniques [14], and thus not
compatible with standard epitaxial techniques used for Bragg
mirror fabrication, the realization of the structures considered
in Refs. [10–13] is quite technologically demanding. It would
be thus extremely useful to realize high-quality optical res-
onators without the requirement for the growth of an upper
*ki.koshelev@gmail.com
mirror. As an alternative, a whispering gallery mode (WGM)
in a disk resonator could be used for the realization of a strong
coupling regime [15]. However, this approach also requires
sophisticated fabrication techniques and precise positioning of
the monolayer over the region of the disk resonator where the
WGM mode has antinodes.
In this Rapid Communication we propose an alternative
scheme for the realization of strong exciton-photon coupling
in two-dimensional (2D) materials without using mirrors,
which is beneficial both in terms of ease of realization and
tunability. We focus on structures comprising a TMDC mono-
layer and a photonic crystal slab (PCS). The idea behind that is
the exploitation of so-called optical bound states in the contin-
uum (BICs) [16–18], supported by a PCS, which possess giant
quality factors. BICs in periodic photonic structures originate
because of the destructive interference of contrapropagating
waveguide modes coupled via the periodic potential of a
PCS. They are characterized by the Bloch vector lying within
the light cone in vacuum and high radiative quality factors
(up to 2 × 106 experimentally measured in photonic crystal
slabs [19]). BICs in photonic crystal slabs and plasmonic
lattices being high-Q resonant modes have already found their
applications in sensing [20], filtering [21], nonlinearly tunable
devices [22], and lasing [23,24].
II. MODEL
The design of structure is shown in Fig. 1—the sample con-
sists of a WSe2 flake placed on the top of a Ta2O5 PCS grating.
We notice that strong light-matter coupling demands both
high-Q photonic structures and long-living excitonic states.
We address this problem by adjusting the PCS geometrical
and material parameters to the BIC regime which provides
a giant quality factor of the resonator limited by absorption,
surface roughness, and finite size of the sample [25].
We begin with an analysis of the eigenmode spectra
of the PCS applying the guided-mode expansion (GME)
method [26] widely used for the characterization of photonic
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FIG. 1. An isometric view of a PCS-TMDC structure. The re-
fractive index of Ta2O5 bars is equal to 2.1. The TMDC monolayer
made of WSe2 is laid on top of the PCS.
eigenmodes of periodic photonic structures [27–29]. Within
this approach radiative losses of leaky modes with frequencies
above the light line are calculated by coupling coefficients to
the continuum of scattering modes of the effective waveguide
using the perturbation theory.
We consider an air-suspended one-dimensional Ta2O5 grat-
ing with air environment below and above it. The PCS consists
of rectangular bars with a height of H and a width of L
being spaced equidistant with a period of a (see Fig. 1).
We put the refractive index of Ta2O5 equal to 2.1 which is
appropriate for the red band of the visible spectrum range [30].
The calculations are performed for the PCS with a = 1.03H ,
L = 0.90a, and the eigenvalue problem is truncated by 101
plane waves and eight guided modes of an effective waveguide
kept in the expansion [26].
The spectra of eigenfrequencies ω and inverse radiation
lifetimes γ = 1/(2τrad ) of the PCS for in-plane wave vectors
lying along the x direction of the first Brillouin zone are
shown in Figs. 2(a) and 2(c) for transverse electric (TE)-
polarized modes and in Figs. 2(b) and 2(d) for transverse
magnetic (TM)-polarized modes, respectively. The dispersion
curves under the light line ω = ckx describe pure guided
modes with zero diffraction losses while the photonic states
above the light line are leaky since their radiation lifetime
is finite. BICs represent unusual leaky modes with γ = 0
and can be formed both at the center of the Brillouin zone
(at- BIC) and at specific points between the zone edge and
center (off- BIC) [31]. Importantly, both types of BICs are
topologically stable against perturbations of the PCS geome-
try [31]. Therefore, while we do not account for the material
dispersion and the PCS band structure scales linearly with
the size parameters, the position of a BIC can be tuned, for
example, by a variation of the structure height H .
The optical properties of WSe2 monolayers are governed
by very robust excitons with binding energies of the order of
500 meV [32]. We study A-type excitons representing bound
states of electrons in the conduction band and holes in the
upper subband of the valence band of the K+ and K− val-
leys [33]. The optical selection rules result in the distinction of
bright and dark excitons being active for in-plane and out-of-
plane polarization of the incident light, respectively. We focus
on bright excitonic states, which represent, in general, a pair
of valley-degenerate states with σ+ and σ− polarizations. In
this case a linearly polarized pump excites a superposition of
excitons with total polarization along the in-plane component
of the electric field of light.
To investigate the light-matter interaction between excitons
in the TMDC monolayer and BICs in the PCS we apply a
full quantum formalism for both photonic and excitonic states
which represents an extension of the GME method [34,35].
We start by the second quantization of the electromagnetic
fields in a nonuniform dielectric environment and the exci-
tonic wave function which exhibits properties of a gas of
noninteracting bosons, while the density of excitons is much
smaller than the saturation density. The coupling strength
between photonic and excitonic modes is governed by the
oscillator strength f and the overlap integral of the mode
profiles,
Vn,k‖ = −if 1/2
∫
cell
dr‖ e · Eupn,k‖ (r‖)e−ikexcr‖ . (1)
Here, e is the unit vector of exciton polarization, k‖ and
kexc are the in-plane wave vectors of the light and exciton,
respectively, and Eupn,k‖ is the electric field of the nth pho-
tonic mode at the upper surface of the PCS. Importantly,
the exciton-photon interaction is allowed only for the wave
vectors satisfying the condition kexc = k‖ + G, where G is the
reciprocal lattice vector. Finally, we formulate the total Hamil-
tonian and diagonalize it applying the generalized Hopfield
transformation [36] which can be reduced to a non-Hermitian
eigenvalue equation.
III. STRONG LIGHT-MATTER COUPLING
We apply the procedure for the characterization of the band
structure and damping rates of exciton polaritons formed in
the vicinity of the intersection between the BIC and the bare
exciton dispersion curves. We consider cryogenic tempera-
tures of about 4 K when the energy of an A-type bright exciton
in WSe2 is Eexc = 1.74 eV [37]. The energy dispersion can be
neglected at the scales of the problem and absorption losses
are negligible because of low temperature. The radiative τRexc
and nonradiative τNRexc lifetimes can be estimated as 1 and
3 ps, respectively [38]. For a bare exciton, the damping rate
is mostly dominated by the radiative channel h¯/(2τexc) =
0.44 meV. However, when the TMDC is strongly coupled
to the PCS, a new channel is enabled which represents the
exchange of radiation between the exciton and the photonic
system. This channel dominates over the direct radiation into
free space [39]. It leads to the renormalization of the exciton
lifetime which is used as a parameter for the eigenmode
calculations. Therefore, in a strong coupling analysis we
use the nonradiative lifetime h¯/(2τNRexc ) = 0.11 meV as the
total exciton damping rate. The oscillator strength depends
on 1/τRexc and can be estimated as f  6.5 × 10−12 cm eV2
(see Supplemental Material for details [40]). We focus on the
off- BIC with TE polarization marked with a black square in
Fig. 2(a) which provides sufficient coupling with the in-plane
excitons according to Eq. (1). We tune the BIC frequency to
a resonance with Eexc by adjusting the height of the PCS to a
value of H = 418.5 nm. For numerical simulations we limit
the basis to a linearly polarized in-plane exciton and the set of
photonic modes used for the calculation of Fig. 2.
The spectra of energies h¯ω and inverse lifetimes h¯/(2τ )
of the upper and the lower exciton-polariton branches (UP
and LP, respectively) calculated by means of the GME are
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FIG. 2. Eigenmode spectrum of an air-suspended one-dimensional Ta2O5 grating. The band structure of the PCS with (a) TE-polarized
and (b) TM-polarized modes, respectively. Black dashed lines represent the light lines ω = ckx . The spectrum of the inverse radiation lifetime
for (c) TE-polarized and (d) TM-polarized modes, respectively. BICs are marked by orange crosses.
shown in Fig. 3 with solid lines. Figure 3(a) demonstrates
strong coupling between the exciton and the off- BIC which
manifests itself as an avoided resonance crossing with the
Rabi splitting 2|V | equal to 5.7 meV. The radiation losses
of both exciton-polariton branches are shown in Fig. 3(b) in
comparison with the losses of pure photonic and excitonic
modes. As it can be seen, for specific values of kx the lifetime
of polariton modes can exceed the bare exciton lifetime by two
orders of magnitude and reach a value of 75 ps. Such giant
enhancement can be explained as a straightforward result of
coupling of the exciton with a high-Q photonic mode. As
it was discussed before, the direct radiation of excitons into
free space is strongly suppressed because of coupling to the
PCS. At the same time BICs are entirely decoupled from
the radiation continuum. The interplay between these effects
leads to a strong suppression of all radiation mechanisms
of exciton resulting in a giant enhancement of the polariton
lifetime.
Most importantly, Fig. 3(b) shows that the maximal polari-
ton lifetime can be realized at the point of phase space, where
the group velocity of the mode is finite, which is not the center
or the edge of the Brillouin zone. For the LP branch, this
practically means that polaritons can form a macroscopically
coherent long-lived state with nonzero energy flow at low
temperatures, resulting in a propagating condensate. While
usually a propagating condensate is realized by applying a
resonant optical pump with a fixed in-plane wave vector, in
the case of the off- BIC exploitation, the condensation to a
propagating state can be achieved with a nonresonant pump
(either an optical or electrical one).
Experimental methods of observation of strong light-
matter coupling include angle-resolved reflection spec-
troscopy. We model such an experiment by applying the
Fourier modal method [45] with an adaptive spatial resolu-
tion [46] which is based on the expansion of the electromag-
netic field and the permittivity function into a Fourier series.
The reflectance is obtained via solving the wave equation in
discretized Fourier space with proper boundary conditions.
The increased efficiency is enabled by using the adaptive
coordinates which allows us to achieve a 10−4 relative error
by taking into account ten Fourier harmonics in the expan-
sion. To obtain the peak positions and their linewidths we
fit the reflectance spectrum to the Fano line shape using
the Levenberg-Marquardt algorithm [47] (see Supplemental
Material for details [40]). The real and imaginary parts of the
eigenfrequency of the UP and the LP branches extracted by
the fitting procedure are shown in Fig. 3 with open circles. We
see that the GME method and the reflectance spectrum cal-
culations show perfect agreement, providing the same value
of the Rabi splitting and the 100-fold enhancement of the LP
lifetime compared to a bare exciton.
We derive an analytical estimate for the maximal lifetime
of the LP mode τLP by using a simple two-level toy model
which considers only one photonic and one exciton mode.
While the Rabi splitting 2|V | [see Eq. (1)] is smaller than
detuning  = h¯ωph − h¯ωexc, the degree of mixing between
the photon and the exciton lifetimes is determined by the
ratio (|V |/)2. The interplay between the rapid increase of
the photonic mode lifetime in the vicinity of the BIC and the
enhancement of coupling to the exciton via a decrease of the
detuning parameter results in the formation of an extremal
point in the k space where the LP lifetime is maximal. Simple
estimations (see Supplemental Material for details [40]) show
that the LP lifetime is limited as
τLP  ξ |V |−1
(
τNRexc
)1/2
, (2)
where ξ = 1.66 × 10−7 eV s1/2 is a constant determined by
the PCS design. Equation (2) provides the estimate τLP 
100 ps, which is in a good agreement with the numerical value
of 75 ps.
Next, we calculate the dependence of the LP lifetime on
the in-plane wave vector k = {kx, ky} within the 2D Brillouin
zone using of the eigenmode analysis (see Fig. 4). One
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FIG. 3. Dispersion and inverse lifetime of exciton polaritons at
the conditions of strong coupling between the TE-polarized photonic
mode supporting an off- BIC and the in-plane polarized exciton
with the energy of 1.74 eV calculated by using the GME method
(solid lines) and the fitting of the Fano line shape of reflection
spectrum (open circles). The upper (UP) and lower (LP) polariton
branches are shown with blue and red colors, respectively. The
dispersion of a bare excitonic and a photonic mode is depicted with
black dashed lines.
can see that the lifetime value exhibits a maximum at k =
{±0.27π/a, 0} and decreases smoothly in the vicinity of these
points. Importantly, the geometry of a one-dimensional PCS
allows us to realize a BIC only on the ky = 0 or kx = 0 lines
of the phase space. To enable control of the BIC position
within the complete phase space of wave vectors, the broad
class of two-dimensional periodic photonic structures can be
used [31]. Therefore, the formation of long-living polariton
states can be achieved for any value of k, which leads to
extreme flexibility in engineering polariton condensates with
the desired value and direction of energy flow and even nega-
tive group velocities, which is of great interest for state-of-art
applications [48].
Finally, we compare the prospects of our geometry with
three conventional setups exploited for the observation of
strong light-matter coupling in TMDCs [49,50]. In dielectric
microcavities [10,13], metallic microcavities [51], and Tamm
plasmon cavities [52], the typical value of the Rabi splitting is
FIG. 4. The map of dependence of the lower polariton lifetime
(red curve in Fig. 3) on the in-plane wave vector k. The calculations
are performed via the GME method.
between 15 and 100 meV at room temperature. For plasmonic
resonators [53,54] this value can exceed 100 meV because of
the subwavelength localization of the electromagnetic energy.
For dielectric gratings [55] at room-temperature conditions,
the Rabi splitting is sufficiently lower, achieving values of or-
der of 15–20 meV. While our system exhibits a slightly lower
Rabi splitting, it has certain advantages over a microcavity
design in terms of the fabrication simplicity. As to plasmonic
resonators, despite the fact that these systems can exhibit a
quite large Rabi splitting, they usually support only localized
polaritons rather than propagating ones. Then, as compared to
grating geometries, our setup demonstrates sufficiently larger
quality factors. At last, the advantage of our setup is that it
allows for excitonic lifetime engineering via coupling of an
exciton to a BIC.
IV. CONCLUSION
In conclusion, we have proposed an experimentally feasi-
ble scheme to achieve a strongly coupled exciton-photon sys-
tem in a two-dimensional nanostructure comprising a TMDC
monolayer and a periodic photonic nanostructure. Impor-
tantly, this scheme does not require the growth of Bragg mir-
rors, which simplifies the fabrication substantially. Moreover,
we have shown that a giant 100-fold enhancement of the po-
lariton lifetime with a finite momentum can be achieved which
allows for the nonresonant excitation of propagating polariton
condensates. We believe these findings open different avenues
for the applications of strong light-matter coupling at the
nanoscale.
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